1. The transport of seeds by water, i.e. hydrochory, is a key mechanism of long-distance dispersal constrained by the attributes of the seed and hydrodynamics. In the freshwater Amazon estuary, river hydrodynamics are influenced by seasonal changes in precipitation and tidal cycles. It is not known to what extent a hydrodynamic model may be able to predict seed dispersal.
. However, characterising the complete dispersal kernel is complicated, as long-distance dispersal events are inherently difficult to measure (Cain et al., 2000) .
One mechanism known to be important in long-distance dispersal in riparian and wetland systems is hydrochory, in which seeds are transported on or in flowing water (Cain et al., 2000; Nilsson, Brown, Jansson, & Merritt, 2010) . This is particularly complicated to quantify in large rivers, such as the Amazon River basin discharging approximately 20% of the world's fresh water (Ward et al., 2016; Salati, & Vose, 1984) . Seeds are transported in fluvial systems in one of three phases, representing the main hydrological forces: (1) surface transport (with the dispersion of seeds occurring on the surface of the water), (2) within the flow and (3) incorporated in the bed load (Carthey, Fryirs, Ralph, Bu, & Leishman, 2016) . Hydrochory influences not only the diversity, structure and composition of riparian vegetation but also geomorphological processes such as stabilisation of river banks and the succession of geomorphic forms such as bars and benches into floodplain, further affecting patterns of vegetation colonisation on bars, benches and islands within rivers (Carthey et al., 2016) . Hydrochory also promote sediment cohesion, sediment deposition and trapping of additional hydrochores, forming a feedback loop of ongoing adjustment between vegetation patterns and fluvial geomorphology, which is strongly influenced by the dynamics of hydrochorous propagule dispersal in rivers (Carthey et al., 2016) .
A large proportion of riparian and wetland plant species display hydrochory, although usually in combination with other dispersal vectors such as wind (anemochory), animals (zoochory) and the plant itself (autochory) (Levin et al., 2003; Nilsson et al., 2010) . Dispersal distance by hydrochory in rivers is influenced by both: intrinsic factors such as size, shape, density and longevity of the seed; and extrinsic factors such as the size and morphology of the river channel, timing and magnitude of peak river flow (Kubitzki & Ziburski, 1994; Merritt & Wohl, 2002; Nilsson et al., 2010) . For example, seeds with traits that increase flotation and which show dormancy have a greater probability of reaching the best sites for germination such as bare, waterlogged soils exposed by rainy season floods (Boedeltje, Bakker, Brinke, Van Groenendael, & Soesbergen, 2004) . It has been suggested that hydrochory may be the most important factor for maintaining species diversity in riparian habitats (Nilsson et al., 2010) . However, most studies of how far propagules can spread by hydrochory come from marine systems, and the tail of the dispersal kernel is much less well-studied for rivers (Nilsson et al., 2010) .
In the Amazon, riverine wetlands can be broadly separated into those >850 km from the river mouth, which flood seasonally, and those between c. 750 km upstream and the river mouth, which flood both seasonally and tidally (Instituto Brasileiro de Geografia e Estat ı-stica, 1977, National Geospatial-Intelligence Agency, 2014; Prance, 1979 , Ward et al., 2016 . As such, in the lower reaches of the Amazon river-estuary complex, twice daily tidal inundations disperse seeds up and downstream, in contrast to higher reaches of the riverestuary complex, where hydrochory is a unidirectional process, with seeds being carried downstream with river flow (Cunha et al., 2013) .
The role of tidal inundations as vectors of seed dispersal has received relatively little attention. However, there is evidence from the Amazon river-estuary complex that the proportion of seeds dispersed is greatest when water depths are greatest, at new and full moons (Moegenburg, 2002) .
One way to characterise species dispersal kernels is to parameterise mathematical and/or simulation models to predict long-distance dispersal and seed dispersion patterns under different hydrodynamic conditions (Cain et al., 2000; Levin et al., 2003) . The main objective of this study was therefore to investigate and quantify the spatiotemporal variation in fundamental hydrodynamic flow parameters at different seasons in a river-estuary complex of the lower Amazon, and to evaluate the usefulness of these parameters for hydrochory. More specifically, we aimed to (1) characterise empirically, and using simulation models, the hydrodynamic conditions of a 27-km stretch of river channel, extending from the confluence with the main Amazon River and (2) use the calibrated simulation model to predict the maximum potential seed dispersal distances during semi-diurnal tidal cycles and compare it with an actual seed dispersal experiment.
| METHODS

| Study area
The study was conducted along a sharply winding 27-km stretch of the Marac a River, a typical tributary of the lower Amazon river-estuary complex (Souza, Cunha, Junior, & Pinheiro, 2011) . The Marac a River originates in the south-west of the state of Amap a, Brazil (Figure 1a, c) and flows into the Amazon River at 0°25 0 07.82″S and 51°26 0 07.64″ W (Figure 1c, d ). The study area is c. 250 km from the Atlantic Ocean, and while the tide influences water height and flow direction, it is still considered as completely fluvial, being well upstream from any saltwater influence (Ward et al., 2016) .
The region has a hot and humid tropical monsoon climate, with an average annual temperature of 27.7°C (Instituto Nacional de Meteorologia, 2015) . Average annual rainfall is 2,423 mm, irregularly distributed throughout the year, with highest rainfall between January and June (Instituto Nacional de Meteorologia, 2015) . River water levels are influenced by this seasonal variation in rainfall, and by semi-diurnal tides, rising and falling twice daily, with maximum amplitudes reached at full and new moons during the rainy season, when river levels rise by up to 4 m (Bastos, 2010; Cunha et al., 2013; Galo, 2004; Santos, 2012) . River flow is characterised by turbulent processes, inversion of current and recirculation, typical of estuarine systems, and these processes influence the maintenance of the wetlands associated with the river.
| Data collection and processing
Data on hydrological parameters were collected during three field to compare modelled estimates and measured maximum dispersal distances during both ebb and flow tides, because this period is considered to be the most favourable for hydrochory in this region.
| Measurement of hydrological parameters
In order to generate a 3D map of the river channel to be used in later modelling, measurements of river bathymetry were made with an acoustic Doppler profiler (ADP SonTek River Surveyor M9)
installed on the side of a motor boat, and consisting of four 3 MHz transducers and four 1 MHz transducers that were submerged 0.4 m under water. The river depth was mapped with measurements made along a zigzag transect extending along 27 km of the river (Figure 1d) . The data were transmitted via Bluetooth ™ connection to a mobile phone using the River Surveyor Live Mobile software associated with the ADP, and a GPS (GARMIN 76CSx) was used to register the coordinates of the measurements. Current velocity (Vt) was also measured, using the ADP, every 10 min crossing the river back and forth, perpendicular to the current at a fixed point for the duration of one complete semi-diurnal tide cycle (c. 12.5 hr) per sampling period ( Figure 1 , "MS" = "measurements site").
The parameters of river flow may be approximated by a 3D model with a single average depth in shallow rivers. The resulting model is numerically more efficient. In this study, the sampled 27-km stretch of river is wide in relation to its depth (average depth = 6.5 m, average width = 123 m, aspect ratio c. 20), and as such is considered a shallow water river. Given that the study area is well upstream of any saltwater influence, our approximation of river flow can be considered a good representation of the true 3D phenomenon. Using the bathymetric survey data, representations of the 27 km river section were generated by kriging over a grid of 598 finite elements ( Figure 1d period, i.e. z = h(x, y), was, according to Rosman (2016) as follows:
where f is the elevation of the water surface; U is the velocity on the x-axis; V is the velocity on the y axis; H is the instant depth (m);
q P represents effects due to precipitation; q E represents effects due to evaporation and q I represents effects due to infiltration. The amount of movement along the x-and y-axes was calculated by:
F I G U R E 1 Location of (a) the state of Amap a within Brazil and South America, (b) the study site within the state of Amap a and (c) the catchment within the municipality of Mazagão (c. 250 km from Atlantic Ocean). Panel (d) shows a representation of the spatial grid of finite elements across which all input variables were discretised. The dot marked "MS" shows the location where liquid discharge, velocity and water level measurements were made. The two sites marked "SLS-(Up or Down)" show the two locations from which seeds were launched during the seed dispersal experiment F I G U R E 2 Graphical representation of the 3D coordinate system model. RL is the Reference Level, U i is the integrated speed vertically, u i is a generic speed of the 3D model and varies with depth, f is the elevation of the free surface of the water, h is the depth obtained by bathymetry and H is the instantaneous depth
where U is the velocity in x-axis (m/s); V is the velocity on the y axis (m/s); f is the elevation of the water surface (m); H is the instant ).
The experimental bulk discharge was measured directly using the ADP (Table 1) . However, the partial discharges at the top, bottom and banks of the river were estimated indirectly by extrapolation with the ADP software itself using an exponential function (Mueller, Wagner, Rehmel, Oberg, & Rainville, 2009 ). The total flow rate was used in the hydrodynamic analysis, which is the result of the sum of all flows: experimental, top, bottom and margins.
Water level data were collected every 5 min throughout each study period, using Hobo pressure sensors (water level logger U20) attached to wooden posts and submerged at a minimum depth of 1 m at the same location where velocity was sampled ( Figure 1d , "MS"). Water pressure data were converted to water level above the sensor using the relationship between the last registration of water pressure and the water level at the time of data upload, which was verified using the wooden ruler upon which the sensors were installed. The calculation was made automatically by the pressure sensor software (Onset, 2016) using the pressure readings every 5 min during the collection period, providing ultimately water level readings every 5 min. These data were compared with water level data from the permanent hydrological monitoring station at the Port of Santana (c. 30 km downstream in the Amazon River-data not shown) Agência Nacional de Aguas (2016).
| Seed dispersal experiment
In order to evaluate seed dispersal behaviour and compare average distances travelled with those predicted by the simulation model, in
May 2013, two seed dispersal experiments were conducted (ebb and flood tides). The conditions in this sampling period (rainy season, spring tide) represent the most favourable for seed dispersal. In the study region, May is also the period of highest seed production and main dispersal period for Carapa guianensis, the species used in the experiments (Cunha et al., 2013; Dantas, Lira-Guedes, Mustin, Apar ıcio, & Guedes, (2016) ). In both experiments, the total maximum dispersal distance was evaluated during one full tidal cycle.
In the first experiment, 500 C. guianensis seeds were launched from a single location (Figure 3a -c, "SLS-Up" = "upstream launching site"), approximately 12 km upstream from the river mouth, at the beginning of the ebb tide. In the second experiment, 500 andiroba seeds were launched from a single location (Figure 3d , "SLS- which is when most seeds mature and would then be dispersed under natural conditions (Dantas et al., 2016) . The seeds were sorted and damaged and immature seeds were discarded, such that only mature, fully formed seeds were used. The remaining seeds were then submerged in water for 24 hr to kill off larvae of a parasitic moth that infects this species, after which time, the seeds were dried and stored for use. Although such dried seeds last for several years without influencing buoyancy, in this case, the seeds were c. 12 months old. Drying of the seeds post-collection is an important step as undried seeds could begin to germinate, reducing buoyancy and influencing the experimental results. The 500 seeds launched at the beginning of the ebb tide were painted yellow, and the 500 seeds launched at the beginning of the flood tide were painted white, in order to facilitate the visual tracking of the plumes of seeds and to evaluate dispersal behaviour.
Visual tracking of the seeds was carried out from two boats that accompanied the plumes throughout the experiment, as well as from a fixed location at the monitoring point (MS) as a reference (Figure 1d ). The main boat followed the seed kernel plume (from a distance of c. 30 m so as not to induce turbulence and influence seed dispersal). The second boat recorded GPS locations of the plume tails every hour using a Garmin 76CSx. With this simple procedure, it was possible to approximate the average, minimum and maximum dispersal distances of the seeds under natural conditions, and these values were then related to those obtained in the model simulations.
Carapa guianensis (Andiroba) is a tree species that occurs throughout the Amazon Basin (Kenfack, 2011) and dependent upon long-distance dispersal events. In the estuarine v arzeas of the River Amazon, C. guianensis flowers in the period of lowest precipitation and disperses its seeds during the period of highest precipitation, when the variation in water level of the main channel of the Amazon is greatest, and its tributaries are subject to the effects of the tides (Dantas et al., (2016) ). Seeds of this species float on the surface of the water and are highly adapted to hydrochory (Scarano et al., 2003) . Close to 100% of seeds continue to float up to 10 days after entering the water, and around 40% after 55 days (Lopez, 2001 ).
Carapa guianensis seeds have been found as an occasional (Mchargue & Hartshorn, 1983) , and suggesting that they could even be tolerant to salinity. Here, the FIST3D model (3D version of FIST hydrodynamic model) which resolves the complete Navier-Stokes equations (Equations 1-3) with approximation for shallow water equations (one average depth, H), the tidal prediction tool and an advective-diffusive Lagrangian transport model were used to model hydrochory.
| Modelling hydrochory
| Input data and model parameterisation
Input data were spatially discretised over a grid of 598 finite ele- according to the dissipation of energy as the tidal wave is dampened as it moves upstream (GALO, 2004) . The relationship between these predicted tidal oscillations and water level data collected in the Marac a River was tested using Wilcoxon's nonparametric statistical test (p < .05).
Regarding the physical parameterisation of the seeds in the SisBaHiA (Rosman, 2016) , there are several ways to input biological characteristics of the seed in question. For example: (1) the location of the seed dispersal; (2) the timing of the dispersal; and (3) seeds can have different characteristics (such as size and density), specifying a settling velocity conditioned by the hydrodynamics through the speed limit or the settling at the bottom. The SisBaHia can include seed deposition when the values are below a specified limit (e.g. as specified by Lopez, 2001) . The SisBaHia can also use "absorption factors" in the margins, simulating effects of marginal entrapment of seeds. Here, we hypothesise that all seeds presented constant buoyancy and there were no losses of seeds at the margins and bottom of the channel.
However, despite the potential loss of seeds during the field experiment, this study was not intended to approximate the number of seeds transported but rather the general dispersion of seeds (distances).
| Simulations of hydrochorous seed dispersal (Lagrangian model)
Dispersal of seeds on the water surface was simulated based on the modelled hydrodynamic and tidal effects, and using the Lagrangian numerical model. The Lagrangian model was selected because it can be efficiently applied to problems with point sources (Rosman, 2016) . Here, the instantaneous launching of a certain quantity of seeds from a point c. 12 km (SLS-Up) from the river mouth and a point c. 2.3 km (SLS-Down) from the river mouth was simulated (Figure 3a-d) . In this type of model, the position of any seed in the next time step of the simulation is determined by a Taylor expansion based on the previous or initial time step.
All simulations were carried out for a duration between 12 and 72 hr, with a time step of 60 s, which was considered sufficient to visualise the process of hydrochory in up to six consecutive semidiurnal tides (through Figure 4a -d show just one semi-diurnal cycle for clarity of comparison). In all cases, all 500 seeds were assumed to be launched simultaneously. The average distances dispersed by seeds in these simulations were compared with the observed average distances from the seed dispersal experiments (Figure 3c-d) .
3 | RESULTS
| Empirical and model-based characterisations of river channel hydrodynamics
The time taken for the tide to rise was shorter in the dry season 
| Comparison of modelled and observed seed dispersal distances
Average dispersal distances observed in the seed dispersal experiments and those predicted by SisBaHia were within the same order of magnitude (Table 2) .
Development of the seed plume, after initialisation of the simulation can also be seen in the Figure 3a | 7 wide). In this section, the river is narrower, with very sharp curves and where the movement of the seeds was more influenced by weak winds transverse to the direction of the main flow. During the flood tide, the seed loss was less than c. 5%, owing to the wider channel (>250 m) that facilitates dispersal.
| DISCUSSION
Our results represent the first attempt to relate hydrodynamic processes to hydrochory in the lower Amazon. We showed that the net and maximum flow rates of the Marac a River increased from the dry to the rainy season, and that this is accompanied by a greater overall movement of seeds. We further show that potential maximum dispersal distances within one semi-diurnal tidal cycle are 55% larger in the rainy season when compared with the dry season. Since the time taken for the tide to fall is longer than the time taken for it to rise also increases the chances that seeds will reach the main channel of the Amazon River, thereby increasing the probability that seeds will be dispersed over long distances (Figure 3d , at c. 13 hr). These results represent average distances moved during just one tidal cycle. However, seeds may well be continually re-dispersed during several tidal cycles, increasing the actual dispersal distance (Cunha et al., 2013; Nilsson et al., 2010) .
Our parameterised simulation model can be an important tool to study dynamic processes such as hydrochory. Evidence from subtropical rivers suggests that the peak of tree fruiting in floodplain forests coincides with the period of inundation and that the specific timing of diaspore (seed) release is related to the presence of other dispersal vectors such as fish (Lopez, 2001) . Furthermore, the mean species richness and mean number of seeds dispersed have been found to increase with discharge or river water level (Boedeltje et al., 2004) . Given the likely crucial role of hydrochory in maintaining diversity in the flooded forests (v arzea) of the Amazon (Kubitzki & Ziburski, 1994; Nilsson et al., 2010) , methodological approaches and data such as those presented in this study are essential to help characterise ecosystem processes and to manage these areas for the protection of biodiversity and ecosystem function.
There are logistical complications that limit the potential for experiments in the remote environments of the Amazon, which in turn makes it difficult to obtain data with which to validate model estimates. Furthermore, obtaining fast liquid discharge measurements in large tidal rivers requires sophisticated methodologies, such as ADP, as traditional flow vane approaches are not suitable, especially if the river is very wide (>15 m). Indeed, the technique of acoustic profiling used in this research shows some advantages compared to the traditional methods due to the greater quantity and quality of data, and excellent precision (margin of error <5%) (Ward et al., 2013 (Ward et al., , 2016 . While Stone and Hotchkiss (2007) described how accurate flow measurements in the field are necessary for various applications, including ecological studies and the development of numerical models that represent the flow dynamic, defining the turbulent river flow and associated hydrodynamic behaviour to represent hydrochory is far from straightforward. For example, while some of the seeds released during the experiments (flood/ebb tides at SLS-Down/SLS-UP, c. 5%-40% respectively) were stranded in the river margins, in the model, all seeds were assumed to be floating in the river channel during the entire tidal cycle without losses to the margins or bottom of the channel. While this study used C. guianensis as a model seed, it is possible to incorporate other species into SisBaHia by changing, for example the timing of seed drop into the river, or seed characteristics such as age, size, weight and buoyancy, or by specifying a settling velocity. As such, this approach is easily adaptable to other species and regions.
| CONCLUSION
This study represents an important advance in the characterisation of seasonal river flow in the tidally influenced Amazon estuary. The results of this study confirm that the period of highest precipitation provides the hydrological conditions most favourable for long-distance seed dispersal by water in the Amazon river-estuary complex.
The fact that the time taken for the tide to fall is longer in relation to the time taken for it to rise also favours the arrival of the seeds in the main channel of the River Amazon, thereby increasing the probability of long-distance dispersal events. Spatiotemporal patterns of seed dispersal by water are generally not well known, although their characterisation is crucial for conservation planning due to their influence on gene flow, diversity and ecosystem function. Simulation models are an important and under-used tool for characterisation of dispersal kernels in riverine systems. To the best of our knowledge, this is the first study to attempt to quantify hydrochory in the Amazon river-estuary complex based on river hydrodynamics.
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